Background -The structural and morphological features in the natural and synthetic biomimetic composites should be defined and compared to determine the optimal artificial material for osteoplastic tasks. Methods -The sample of osteoplastic material of the xenogenic group representing the treated bone blocks of cattle, sample of a spongy bone tissue of a human lower jaw and a sample of biomimetic carbonate-substituted calcium hydroxyapatite synthesized with the use of birds' egg-shells were studied using X-ray diffraction (XRD) and Fourier Transmission Infrared spectroscopy (FTIR) for the structure, phase and molecular composition analysis, X-ray spectral microanalysis (XMA) was applied for chemical element composition, optical and scanning electron microscopy (SEM) were used for a surface features analysis of the materials with a porous structure.
Introduction
At present synthetic organic-mineral materials with qualitatively different properties are elaborated, investigated, and applied in order to replace various defects of the hard dental tissues [1] [2] [3] [4] . The nature of these materials can be either purely synthetic: materials are obtained as a product of chemical relations or biogenic ones where samples represent a kind of the treatment of a biological object [5, 6] . Both of the approaches are aimed at designing dental materials including those for oral surgery with the structure, composition and morphology that are closest to hard human tissues. This is one of the most rapidly developing trends in the contemporary biomaterial sciences [1, 2, 4] .
It was proved that the best results in the integration with the bone tissue just demonstrated those materials that are comprised of the analogue of the mineral compound in the bone human tissue -calcium hydroxyapatite (HAP) and organic matrix used for the improvement of the reparative processes, increase in the resorption rate and strength [1, 3, [7] [8] [9] . Complex materialsbiocomposites, elaborated on the basis of calcium hydroxyapatite, collagen, chitosan or any other biodegradable organic matrix have a lot of advantages for dental applications implying the control of their bioactivity and resorption rate [2, 8, 10] . At the same time the presence of the characteristics inherent to the animals that are similar to the human bone: hierarchical structure, morphology, mechanical strength as well as their commercial availability results in the elaboration of new ways of treatment and modification of these xenografts for oral surgery [11] [12] [13] .
The generally accepted trend for reducing the risks of rejection of the xenogenic samples involves the incorporation of the medical preparations or some organic agents [7, 9, 13] . However, the rate of biodegradation and osseointegration of synthetic samples can be determined based on their surface characteristics as well as performed preliminary treatment including the side action effect of introduced agents.
It should be noted that ideal implantable objects comprised of metal or ceramics for oral surgery tasks should be porous composite materials close in phase composition and morphological characteristics to those of biogenic samples [1, 4, 11] . Morphological organization of synthetic samples has limited the ability of the practical applications for these synthetic biocomposites, namely, the porosity of a material, hierarchy (agglomeration and mutual pores conjugation, their size distribution), bulk share of pores and a specific surface area [2, 4] . At the same time, it is well-known that the predefined surface and bulk properties of a material will provide bone tissue cells inside an implantable object in case of tooth prosthetics [4, 14] .
The materials for oral surgery prosthetic currently proposed and applied in oral surgery prosthetics are different in their composition and the level of structural organization [1, 2, 14] . A separate issue for the complex systems (e.g., xenographs) that presents a certain interest for researchers is a set of refinement techniques from the protein components and their application for a certain application. Although these materials are to the best extent suitable for replacement of a lost part of the human bone, there is a high probability of rejection of an osteoplastic material due to an individual reaction of an organism [15] . Both advantages and drawbacks found in synthetic materials for osteoplastics in oral surgery stipulate are a prerequisite for search of new ways in their preparation and comparison of their parameters with the native human bone tissue.
Thus, the aim of this work is to compare the structural and morphological features in the natural and synthetic biocomposites in order to define the optimal material for osteoplastic tasks.
Materials and Methods
The work was performed at the base of the joint research laboratory "Dental functional bioactive nanomaterials" (Voronezh State University, Central Research Institute of Dental and Maxillofacial Surgery, and Voronezh State Medical University).
Materials
The following materials were chosen for the investigations and comparison of their properties. Sample 1 -osteoplastic material of xenogenic group representing the treated bone blocks of the cattle. This material is composed of an organic component related to collagen of the 1-st type as well as of sulfated glycosaminoglycans (GAG) introduced for the acceleration of the reparative processes [16] . Sample 2 is a spongy bone tissue of the human lower jaw; its composition is described in detail in a number of works (for example [11, 12] ). Sample 3 is biomimetic carbonate-substituted calcium hydroxyapatite synthesized with the use of birds' egg-shells according to the technique in [17] . According to today's representations, all of the samples are related to calcium phosphates, namely, to calcium hydroxyapatite with different morphological organization. In total, 5 parts of the samples of the same kind obtained at different time were investigated. The experimental data provided in the work for each type of the samples were averaged over the group in order to exclude accidental errors appearing in the experiments.
Methods
The structure and determination of the phase composition of the inorganic component for the samples 1,2,3 described above was studied by means of X-ray diffraction with the use of Thermo ARL X'TRA diffractometer with monochromated copper radiation with a wavelength of CuKα1=1.5405 Å. As it was repeatedly shown before, this method provides an integral estimation of the atomic structure in the inorganic and biogenic materials and helps to reveal its inhomogeneities, defects and distortions in biological samples [18, 10] . It also allows the determination of nanocrystals in the biological objects and the presence of impurity phases and as a result, identification of the fundamental properties of various materials. Xray phase analysis (XRD analysis) was performed with the use of the International Center for Diffraction Data (ICDD). The experimental XRD data were averaged for each sample through the obtained diffractograms from 5 parts of each sample and the averaged results were compared in order to obtain precise information for structural differences between the materials. All operations for phase analysis were provided in program complex Match! version 3.5.2.104.
The study of the molecular composition including the organic component of biogenic materials was performed based on the infrared Fourier spectroscopy. As for the application of this technique with respect to dentistry, the advantage of this method is its high selectivity and sensitivity [18] [19] [20] . It allows one to get the information on the structure of a substance, to find newly formed mineral phases as well as the distortions introduced by a new molecular interaction [3, 12] . One more advantage of IRspectroscopy is its ability to analyze multicomponent compounds [21, 22] . Unlike a number of the methods of analysis when using this technique, the studied system is subjected to weak external exposures. It means that the obtained information is related to the system that was not changed as a result of these exposures. The IR spectra were registered with the VERTEX-70 spectrometer with standard room temperature DLaTGS detector and an attached attenuated total reflection (ATR) diamond PLATINUM ATR equipment in the range of 4000 -500 сm -1 produced by "Bruker" Company. The background spectra were registrated before each sample investigation refers to air. Spectral data processing (background subtraction, correction for the atmosphere effect, averaging of the spectra and data integration) and analysis were performed using the professional software suite OPUS (version 7.5). The chemical element composition for the obtained materials was determined by means of X-ray spectral microanalysis (XMA) with X-ray microanalyzer JED-2200, i.e. an attachment to the scanning electron microscope JSM-6380LV where at high level of magnification morphology of the investigated samples was studied as well. The surface features at low level of magnification of the materials with a porous structure were investigated by means of optical microscopy with the use of an optical microscopy supplied durometer PMT-3.
All of the studies were performed with the involvement of the equipment base at Voronezh State University.
Statistical analysis
Statistical analysis of experimental data for each type of the samples was performed with the use of the professional software for the statistical analysis SPSS v. 19 for Windows, (SPSS Inc., Chicago, Illinois, USA). The results of XRD and microscopy analysis are presented as a mean value ± standard deviation or the range of possible values.
Results
Investigations of materials by X-ray diffraction in order to refine the phase composition and structure of inorganic component of the samples demonstrated that the xenogenic material (sample 1), the spongy bone of a human lower jaw (sample 2) and the calcium-phosphate material synthesized in accordance to our elaborated technique [17] (sample 3) were characterized by the structure of calcium hydroxyapatite with the different crystal structure features. The analysis of the samples showed that the bone tissue of human and bone-induced blocks obtained from a thigh bone of cattle (samples 1 and 2) involved distortions in the crystalline structure as a result of defects. Moreover, the comparison of the intensities of same diffraction peaks in width and intensity of the xenograft, bone and synthetic hydroxyapatite shows significant differences that are refer to the crystal growth, size and texture.
The results of the investigations for synthetic and natural materials by means of X-ray microanalysis technique confirmed that all of the materials studied in the work were calcium phosphates with the different ratio of Ca/P that is upper then to stoichiometric one: 1.67. The X-ray spectral microanalysis allow to define that for synthetic hydroxyapatite material this value is 1.83, that are refer to the synthesis [17] . For xenograft sample the value of Ca/P ratio is 2.1 and for native bone sample more then 2.6 what is due to the high amount of trace elements in biological sample [23] . The high content of carbon in these samples is bound with the presence in xenograft organic adding's and in bone of protein matrix.
The Fourier Transmission Infrared spectroscopy (FTIR) analysis show that the mineral part of the samples are comprised of a single crystalline phase, i.e. a carbonate-substituted calcium hydroxyapatite (CHAP) and confirmed the XRD data [3, 24] . In order to study the features in the molecular composition and to detect the differences in the organic matrix of the studied samples the IR-spectra was thoroughly investigated in the following regions 3000-2800 cm -1 , 1800-1200 cm -1 and 800-500 cm -1 (Figure 1 ). , introduced in xenograft material and hydroxyapatite modes 629, 601 and 560 cm -1 shows the presence in xenograft materials as high amount of GAG, as an organic matrix of xenograft materials that is differ to those in the sample of spongy bone tissue of the human lower jaw.
Due to the different hierarchical organization of the studied materials as well as for the purpose of detecting of the residual organic fibers in biocomposites, the study of the morphology for the samples of the groups 1, 2, 3 was performed by means of optical microscopy and scanning electron microscopy (SEM). The results of the optical microscopy ( Figure 2 ) demonstrated that osteoplastic material differs from the spongy bone tissue in its morphological structure not only by its hierarchical structure but also by the pore sizes of the osteal matrix. However, in the osteoplastic xenogenic materials at the macrolevel there are no pores with the size of 0.25-1.50 mm, which are observed in the samples of the native bone tissue (Figure 2) .
The microphotographs of the samples obtained by SEM are presented in Figure 3 . It is seen that under a high magnification the bone tissue samples (Figure 3a ) and xenogenic material ( Figure  3b ) show a rather similar morphology. The size of the observed pores is of 3-10 m, thus indicating a similar microporosity of the used material on the basis of the spongy bone tissue of a cattle and human spongy bone tissue.
Discussion
According to the known XRD data, the composition of the biological materials involves a great number of foreign ions and complexes that just prove to be the cause of distortions in the structure of the biogenic HAP with different morphological organization [25] . In this work comparison of the diffraction data shows that all investigated materials have the same distortions in the structure of the single phase -hydroxyapatite. It should be noted that the size of hydroxyapatite nanocrystals in the samples of the xenogenic material, according to the results of the calculations, is 11.1±0.6 nm, which is less than in synthesized carbonatesubstituted calcium hydroxyapatite 33.0±1.5 nm or native bone 35.2±1.5 nm. That fact refers to the diffraction patterns in increasing of diffraction peaks at the same position. Also, the intensity of some diffraction peaks decrease from sample to sample because of the different crystal growth orientation. This observation corresponds to the known data on the nanocrystalline nature of a bony skeleton [11] .
It is known that in biological samples the ratio of Ca/P are differ to the stoichiometric one -1.67 because of varies of elements in its structure and biochemical activity [25] . The high amount of calcium in the biological sample is due to the carbonate ion inclusion in the crystal structure of apatite. The data are in accordance with the results of [12, 23 25] . The biological samples (1 and 2) were distinguished from the synthetic HAP (sample 3) mainly based on the carbon content due to the presence of the organic component in biogenic materials. Moreover, this is the cause of a lower content of calcium and phosphorus in the samples 1 and 2 as compared with the synthesized sample 3. The comparison of xenograft and jaw bone material by MA show that xenograft material has twice lower concentration of carbone and high amount of calcium and phosphorous. This fact can be referring to the pretreatment of the xenograft material and its high density. The primary analysis of the experimental data demonstrated that all of the obtained spectra of the samples within each kind of material included the same set of vibration modes and were different in the intensities of certain vibration modes (Figure 1 ). Taking this in account, we averaged all spectra over the spectra data set of each kind of material. This allows us to avoid the elimination of random experimental errors. The analysis of IR-spectra were provided on the bases of source and knowing data of bone tissue vibration characteristics, oral cavity investigations and studies of synthetic bone graft materials [12, 20, 26] .
The obtained IR-spectroscopy results confirmed the data of the X-ray diffraction analysis that the main crystalline phase in the bone tissue and xenogenic material (curves 1 and 2 in Figure 1 ) is calcium hydroxyapatite which is characterized by stoichiometric formula Са 10 (РО 4 ) 6 (ОН 2 ). The fine structure of HAP is characterized by the presence of carbonate ion that is involved in the structure of hydroxyapatite in the positions of phosphorus-oxygen tetrahedron (PO 4 group) according to the known reference data [3, 25] . Concerning with the organic compound in the investigated samples, according to the obtained data, amide groups of collagen protein (Amide I, II, III), which is present in the native bone tissue, were found in the composition of the synthetic materials [12] . It should be noted that in spite of the fact that the xenogenic material (sample 1) involved the described molecular groups in its composition (curve 1, Figure 1 ), but their content according to the experimental data in various xenograft samples proved to be a really specific one. Based on the information concerning the features observed in the IR-spectra of organic compounds, the following was found. The redistribution of the intensities and asymmetry of vibrational modes observed in the IR-spectra corresponded to the changes occurring at the molecular level in the biological objects [12] . It means that besides collagen I in the xenograft composition (sample 1), some organic structures of another nature were observed that were absent in the native human bone tissue. This is probably due to the production treatment of xenograft. One should note that in the spectrum of sample 1 certain features (mode of vibrations) are observed in the ranges of 550-750 and 1200-1800 cm -1 that are marked in Figure 1 with an asterisk. These modes in the IR-spectra correspond to the sulfated glycosaminoglycans [27] that are added to the xenogenic material in order to improve the reparative processes [16] . However, the comparison of the relative intensities of these vibration modes as collagen I with the data of the works on IR-spectra of xenogenic osteoplastic materials showing positive dynamics in restoration of dental tissue leads us to conclude that there is a disturbance of the material composition and the problem of concentration of the residual xenocollagen as well as that of sulfated glycosaminoglycans [27] . Figure 2 represents the images obtained with the use of optical microscope under 120 x magnification from the mostly characteristic parts of the sample surface of the bony tissue (Figure 2a ) and xenogenic blocks (Figure 2b) . When considering the samples 1 and 2 (Figure 2) , it is seen that in the sample of the bony tissue (Figure 2a ) conjugated macropores are present with the sizes of more than 500 m, while in the xenogenic samples (Figure 2b ) size of the pores varies within the interval of pores from 120 to 250 m with the presence of inclusions and lower pores density per a surface unit. It is assumed that in order to attain sufficient bioresorption, a porous implant should be comprised of a system of interconnected open and mutually conjugated pores [2, 11] . The distribution of the sizes for these pores should be within the limits of 50 to 500 m, which is similar to the human bone tissue. Therefore, the absence of the large pores in the xenogenic material puts forward the issues concerning suitability of the implant obtained from the thigh bone of the animals in the way described above.
The investigations of the samples with the use of scanning electron microscopy demonstrated that these xenogenic materials possess the morphology and a system of conjugated pores similar to those of the human bone tissue. At the micrometer level the pores that are present in the xenograft coincide in their size with those in the native bone matrix (3-10 m) what is matches the previous investigations of xenograft materials [11] . At the same time the observed differences in the morphological organization of biogenic materials (Figures 3a, 3b ) may be due to the organic component of the samples (collagen protein and its derivatives) and with the post-treatment of the xenogenic material that is revealed in its greater density and less development of its surface. The organic compound as it was shown by means of the IRspectroscopy technique is present both in the spongy bone tissue of a human and in the xenogenic material. However, it should be taken into account that the xenograft was subjected to a chemical and mechanical exposure at the stage of the material production as well as the addition of sulfated glycosaminoglycans. Thus, in this sample large corrugate-like structures are present on the surface of the basic material, probably, due to the organic component (Figure 3c ). The presence of these structures means a disturbance of the treatment for the xenogenic material since the detected structures are not related with the basic matrix and they can provide side effects.
Under considerably higher magnification of х100000 (Figure 4 ) in the samples of the bone tissue (Figure 4а ) and the xenogenic material ( Figure 4b ) the differences are observed as well. Collagenlike formations with a highly developed morphology are present in the bone at the sub-micrometer level while the morphology in the xenogenic material is characterized by the presence of considerably greater organic formations, which is probably the result of the treatment.
Conclusion
Based on the results of comparison of the structural, molecular and morphological properties of the studied samples, it is possible to conclude that the samples of the osteoplastic materials do not completely correspond to the spongy human bone tissue, which imposes certain constraints on their practical applications. The porous structure found at the macrolevel of the xenogenic material as well as a higher density along with smaller nanocrystals compared to the bone tissue of the lower human jaw identifies possible risks associated with using the biomimetic composite for recreating the defects of the lower human jaw. Comparison of the structure, phase and molecular composition as well as the morphology of the samples of native porous bone tissue and xenogenic materials allowed us to identify the principal differences between the two materials as well as to design the requirements and guidelines for manufacturers on extra processing of a xenogenic material for eliminating the factors affecting the quality of implantation and resorption of a biomimetic composite: macroporosity, crystallinity and molecular composition.
Limitations
The only limitation in the study is the size of the selection of the synthesized and investigated samples. We do not think it is significant and has any considerable impact on the results of the study due to the homogeneity of the samples synthesized in a single cycle as well as selected for the analysis of the materials that do not affect the testing methods.
